INTRODUCTION
A new dosimetry system (DS86) for survivors of the Hiroshima and Nagasaki atomic bombs was assessed in 1987. It was mentioned in the final report of the US-Japan joint assessment that a systematic discrepancy had been observed between the residual 60 Co data measured by Hashizume et al . 1) and an activation calculation 2) based on DS86 neutrons in the low-energy neutron region. Residual activity data for 152 Eu 3, 4) , 60 Co [5] [6] [7] [8] , and 36 Cl 9) were acquired in Hiroshima, and the discrepancy was confirmed. To clarify the nature of the Hiroshima problem, interest has been concentrated on the Nagasaki data to establish whether such a discrepancy exists there as well as in Hiroshima. If the calculation agrees with the measurement in Nagasaki, the discrepancy observed in Hiroshima is not due to any uncertainties in the neutron transport calculation in air, but to the calculated neutron output spectrum from the Hiroshima bomb.
In this work, we present specific activity measurements of 60 Co for five samples up to 1063 m in the slant range. The results were compared with calculations based on the neutron fluence (93Rev) * as well as DS86 neutrons. We have also investigated the activation of 60 Co by environmental neutrons.
MATERIALS AND METHODS

Steel samples
Five steel samples up to 935 m from the hypocenter were collected for 60 Co measurements. The locations of these samples (NS1-NS5) are shown in Fig. 1 . The sampling place, material, altitude, slant range, and sample weight are given in Table 1 .
The samples are indicated as follows. NS1: 2.2 cm-diameter reinforcing bars from the Takatani house located 290 m east of the hypocenter. The samples were embedded in a concrete pillar at 3.3 cm depth from the surface. NS2: reinforcing bars from Shiroyama School located 540 m west of the hypocenter. The samples were embedded in a concrete pillar at 1.5 cm depth from the surface. NS3: hand rail from the rooftop of Nagasaki University Hospital located 653 m south-east of the hypocenter. NS4: reinforcing bars of one of the pillars supporting the Motoki Bridge located 780 m north of the hypocenter. The samples were embedded at 4.5 cm depth in concrete from the surface. NS5: steel rails from Mitsubishi Steel Company located 935 m south of the hypocenter. The samples lay on a concrete bed for carts at a pier.
Sample preparation
All steel samples were chemically processed to extract cobalt in the same way as in previous work 8) . Steel samples were scratched into small chips, and chips were washed with dilutred HCl and dissolved in hot HCl. No carrier was added in the chemical pro- . The solventextraction method described by Kawamura et al . 10) with isopropyl ether was applied to extract major matrix iron ions, leaving nickel and cobalt ions in the solution. The solution was then heated to reduce the volume. This procedure was repeated again until 200 ml of the solution was obtained. For further purification, the solution was passed through an anion exchange containing 300 g of Dowex 1-X8 (100 -200 mesh, type Cl) resin. The resin was then washed with 8 M HCl to collect nickel ions and 4 M HCl to collect cobalt ions. The cobalt fraction was precipitated by adding NaOH. The precipitate was collected by filtration, washed well with water, and dried. Finally, a few grams of enriched cobalt sample were obtained. The content of stable cobalt in the final form was analyzed by the Kawasaki Steel Techno-Research Co. Ltd. by atomic-absorption analysis. Cobalt recovery from the steel sample was typically 20%. The weight and cobalt content of enriched samples are given in Table 1 .
Gamma-ray measurement
Samples were measured with a well-type Ge detector having a 120 cm 3 crystal volume and shielded with 20-cm-thick lead incorporated with an anticoincidence circuit to suppress the cosmic-ray background 11) . About one gram of cobalt-enriched sample was pressed into a polypropylene test tube of 13-mmdiameter and 75-mm-height. Each sample was measured twice, and one run continued for 10 5 -10 6 s.
Examples of gamma-ray spectra around the1173 and 1332 keV regions are shown in Fig. 2 . The gamma-ray spectrum of a control sample is also shown in Fig. 2 . The control sample described in previous work was obtained from Army Food Storehouse in Hiroshima, which was located 4571 m from the Hiroshima hypocenter. Five steel plates (25 cm wide and 25 cm long and 1.5 mm thick (total 1500 g)) were utilized. As shown in Fig. 2 , no 60
Co peaks were observed in the control sample, whereas both 1173 and 1332 keV peaks were identified for samples NS1 to NS5. 
Data deduction
An efficiency calibration was performed in the same way as in previous work 8) . The sum of the peak counts of the 1173 and 1332 keV lines was used for an efficiency calibration and for determining the 60 Co activity. A known amount of 60 Co 102 Bq (Amersham CKZ24 3.587 kBq gsol -1 with total error ± 0.5%) was deposited to each 0.5, 1.0, 2.0, and 3.0 g of the sample, which was prepared by the same chemical procedure as a steel sample not exposed to the A-bomb. The efficiency for each standard sample is given in Table 2 .
The peak counts were obtained from the total number of counts in the peak region (7 keV) by subtracting the background counts under the peak. The background was determined by drawing a line passing through the middle point of the low-, and high-energy regions (7 keV) of the peak. The error of the peak counts can be obtained from the error propagation formula. The specific activity of 60 Co at the time of the bomb explosion was obtained by correcting the elapsed time using a half life 5.2719 ± 0.0014 years 12) . The results are given in Table 3 . The associated errors were as follows: the counting error of the peak counts (8-20%), the cobalt concentration (5%), and the detection efficiency (1.3%). The total error range was from 7 to 30%. The calculation of 60 Co activation in free field in air based on the DS86 neutron fluence and the revised neutron fluence 93Rev * and associated calculated-to-measured (C/M) ratios are also given in the The solid and dotted lines indicate the activation calculation in a free field in air. Co as a function of the slant range are shown in Fig. 3 .
ENVIRONMENTAL NEUTRON ACTIVATION
Environmental neutrons originating from cosmicrays can activate materials at the ground level. It is important to estimate the background activity levels of materials by environmental neutrons to determine whether they are comparable to the residual activity level. Up to now, the environmental neutron flux and spectrum over the ground have been measured by many authors: Yamashita et al . 13) , Nakamura et al . 14) , Schraube et al . 15) , and an UNSCEAR report 16) . The environmental neutron flux was directly estimated by measuring activated s -1 from the UNSCEAR report 16) , the saturation activity per 1g of cobalt is calculated from A = N 59 σφ = 3.0 mBq (gCo) -1 , where N 59 = 7.87 × 10 21 is the number of Fig. 4 . Gamma-ray spectra of cobalt activation by environmental neutrons. The sample was four grams of CoO. Co is taken to be σ = 37 b. The cross section is described as follows: the activation cross section, 59 Co(n, γ) Table 4 . The calculation is about a factor of 3 higher than the measured value, which indicates that the thermal neutron flux is about 2.7 × 10 . This result is rather near to Yamashita's results 13) of (1.07 ± 0.06) × 10 -3
.
DETECTION LIMIT
Since the residual radioactivity levels are very low at present, it is important to know whether the peak identification in the gamma-ray measurement is really reliable. General discussions of the detection limit have been made by many authors: Currier 17) , Tsoulfanidis 18) , Brodsky 19) . In the case of gamma-ray spectrometry, peak counting of the residual radioactivity and background counting were simultaneously carried out, i.e., the background can be graphically subtracted from the peak region. If we let the gross counts in the interested peak region be G and background counts be B during the measuring time (T (s)), the net counts can be given as
or in the form of the counting rate,
The errors of G and B are expressed as and , , respectively. Then, the error of S becomes . When the residual radio- a Detectable minimum counting rate n* = 2.326 σ B /T activity level is very low, the gross counts G becomes near to B, and S distributes as a mean value, , with a standard deviation of . To judge whether the obtained net count (S) is significant, statistical hypothesis testing can be applicable. The critical level (L C ) can be given as follows:
where k a is a significance level which corresponds to a one-tailed probability of 1-α. Generally, k a is taken as k a = 1.645 with a significance level α = 0.05. Thus, the critical level can be expressed as
In the present work, the critical level was taken as the detectable minimum counting rate (d.m.c) and compared with the counting rate of residual activity measurements. The results are given in Table 5 for Nagasaki and Hiroshima samples. The observed 60 Co counting rates were more than a factor of 3 higher than the d.m.c.
DISCUSSIONS
Contribution of environmental neutron activation
Possible origins of the background for 60
Co measurements are as follows: 1) natural background gamma-rays, 2) radioactive Co in samples by environmental neutrons. Based on a background measurement without any sample, it was confirmed that there was no 60 Co contamination of the detector and/or shielding materials. In previous work 8) , an enriched sample pre- Co measurement: one from a light steel-frame building erected in the early 1940's at the Aluminum Company of America, Aloca-Mayville, Tennessee, and another from an old rail track at the Homestack Mine, a deep underground mine in South Dakota. Since they did not detect any significant difference in counts from the two samples, they concluded that environmental neutrons did not contribute significantly to the cobalt activation of the Hiroshima bridge sample.
Discrepancy between the measurement and calculation
Earlier measurements by Hashizume et al. 1) and corresponding calculations by Loewe 2) are compared with the present results in Fig. 4 . The solid and dotted lines indicate an activation calculation based on the DS86 and 93Rev neutrons, respectively. Present steel samples were two surface samples (NS3, NS5) and three samples embedded 1.5-4.5 cm deep in concrete. A detailed calculation considering to neutron attenuation in concrete is necessary; however, such corrections were not included in the present work. According to depth profiles measured in concrete cores 20) , the decrease in the activation from the surface to 4 cm depth in concrete is supposed to be at most 10%. The present data show fairly good agreement with the calculation, only the trend is slightly sallower than that of the calculations.
The C/M ratios for 60 Co as a function of the slant range are shown in Fig. 5 . They were compared with Hashizume data 1) in Nagasaki and also with those of Hiroshima 60
Co data 1, 21) . The C/M ratios show a similar trend of Hashizume's two datum points. However, the present data are roughly in agreement with the calculations at a slant range of about 1000 m. Since the present 60 Co data were obtained for samples at a slant ranges within about 1063 m, the discrepancy is still not clarified due to a lack of available data beyond 1100 m.
CONCLUSION
Specific 60
Co activities were determined for five Nagasaki samples exposed to the A-bomb. Although the present data support Hashizume's 60 Co data, the possibility of discrepancy from the calculation is not clarified. It has been shown that the environmental neutron activation is negligibly small compared to the residual activity. Further measurements of the residual activities in Nagasaki are necessary to clarify the discrepancy problem. Received on August 7, 2002 1st. Revision on October 1, 2002 Accepted on November 19, 2002 
